Introduction
DNA methylation, the major epigenetic modi®cation of mammalian genomes, plays an active role in transcriptional repression (Cedar, 1988) . Over the past 10 years, increasing evidence has emerged surrounding the active role of CpG island hypermethylation of tumour suppressor genes in cancer development and progression (Esteller, 2002) . One of the necessary steps in the epigenetic pathway to cancer involves methyl-CpG binding proteins (MBDs) that mediate transcriptional silencing of the hypermethylated gene promoters. The mammalian family of MBD proteins is composed of ®ve members, namely MeCP2, MBD1, MBD2, MBD3 and MBD4. With the exception of MBD4, which is involved in DNA repair, all MBD proteins associate with histone deacetylases (HDACs) and couple DNA methylation with transcriptional silencing through the modi®cation of chromatin (Ballestar and Wolffe, 2001; Wade, 2001; Prokhortchouk and Hendrich, 2002) . Moreover, recent research has demonstrated the presence of MBD proteins in mediating the transcriptionally silenced state of several promoters of hypermethylated tumour suppressor genes in cancer, and in imprinted and X-chromosome inactivated genes in normal cells (Magdinier and Wolffe, 2001; Nguyen et al., 2001; Bakker et al., 2002; El-Osta et al., 2002; Fournier et al., 2002) .
An essential issue concerns the physiological relevance of the existence of four different MBD-containing corepressor complexes. The most straightforward explanation is that each complex is targeted to a different subset of genes. To understand the speci®c roles of different MBDs it is of inherent interest to biochemically characterize the MBD-containing complexes. Thus far, MBD3 is the best-characterized member of the MBD family. It has been reported to be an integral component of the Mi-2/ NuRD complex (Wade et al., 1999; Zhang et al., 1999) that also contains a nucleosome remodelling ATPase, HDAC1 and HDAC2 and other proteins. Mammalian MBD3, in contrast to its Xenopus homologue, does not selectively bind methylated DNA and in mammals the Mi-2/NuRD complex is targeted to methylated DNA through association with any of the two forms of MBD2: MBD2a or MBD2b. This combination of Mi-2/NuRD and MBD2 may be synonymous of the MeCP1 complex, the ®rst identi®ed to display binding activity towards methylated DNA (Feng and Zhang, 2001 ). The Mi-2/ NuRD complex may also interact with other sequencespeci®c DNA binding proteins to cause transcriptional repression. In the case of MBD1, although early reports suggested HDAC-dependent repression (Ng et al., 2000) , recent data indicate that MBD1 represses transcription in an HDAC-independent manner that involves association with a novel chromatin-associated factor (Fujita et al., 2003) .
An alternative approach in understanding the biology of MBD proteins arises from the study of MBD targets. Reports on MBD association to methylated loci have revealed a complex picture. On the one hand, a single association of MBD proteins to methylated loci (Magdinier and Wolffe, 2001; Bakker et al., 2002) has been described. However, multiple recruitment of MBD proteins has been reported in several genes (Fournier et al., 2002; Koizume et al., 2002) . Early studies indicated
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The EMBO Journal Vol. 22 No. 23 pp. 6335±6345, 2003 ã European Molecular Biology Organization signi®cant differences in the association of MBDs to DNA. For instance, MBD2/MeCP1 is released from nuclei by low salt, suggesting that it is not stably complexed with DNA and seems to require densely methylated DNA. That aside, MBD1 can also affect transcription from unmethylated and hypomethylated promoters (Fujita et al., 2000) . The reasons behind the speci®c role of each MBDcontaining complex remain to be explored. The use of chromatin immunoprecipitation (ChIP) with antibodies speci®c for a particular MBD together with immunocytological analysis potentially provide powerful tools to identify the set of genes controlled by each particular MBD-containing complex and therefore a way to understand the individual roles of each of these complexes.
As a ®rst step towards determining the targeting of MBD proteins in a genome-wide context, we have combined individualized studies for each MBD (i.e. ChIP assays for several promoters of tumour suppressor genes) with global genomic approaches [5-methylcytosine (mC) analysis of the MBD-immunoprecipitated products and comparative genomic hybridization]. Most importantly, we have also combined ChIP analysis with a CpG island microarray to de®ne the global pro®le of MBD targeting. Our studies show the existence of a unique pattern of MBD-binding sites in transformed cells and unmask a new set of epigenetically silenced genes in cancer.
Results

A gene-speci®c pro®le of MBDs exists in hypermethylated CpG island promoters
To investigate the involvement of MBDs in epigenetic repression, we initially adopted a candidate gene approach to study genes known to be hypermethylated in a breast tumour model, speci®cally in the breast cancer cell lines MCF7 and MDA-MB-231. ChIP analyzes were performed using antibodies raised against epitopes unique to each MBD protein (MeCP2, MBD1, MBD2 and MBD3). We have recently validated these antibodies in investigating the recruitment of MBD proteins to imprinted-methylated loci (Fournier et al., 2002) . We ®rst performed western blot analysis with these antibodies in all the cell lines studied to ensure that the MBD proteins were indeed expressed ( Figure 1A) . ChIP assays were then performed in order to identify which particular MBD protein was associated with methylated DNA sequences in MCF7 and MDA-MB-231 cells. Additionally, normal lymphocytes, representing non-tumoural non-cultured cells, and non--transformed lymphoblastoid cell lines were also used as negative controls.
Three types of DNA sequences were analyzed: the CpG islands in the promoter of six tumour suppressor genes, for which DNA methylation and expression status is well characterized Paz et al., 2003a) , the CpG island of the imprinted gene IGF2 (insulin-like growth factor 2) and two different repetitive sequences, namely Sat2 (satellite 2) and NBL2 (a non-satellite repeat). The tumour suppressor genes explored were the Ras association domain family 1A gene (RASSF1A), the glutathione S-transferase P1 (GSTP1) gene, the retinoic acid receptor B2 gene (RARB2), the breast cancer 1 gene (BRCA1), the O 6 -methylguanine-DNA methyltransferase (MGMT) gene and the mutL-homologue 1 (MLH1). A summary of the methylation status of the promoters of these genes is shown in Figure 1B . MBD binding was not observed in any unmethylated promoter. However, a speci®c pro®le of MBD occupancy was found for the methylated CpG islands. Whilst MeCP2 and MBD2 were both present in the methylated GSTP1 promoter, for RASSF1A and RARB2 only MeCP2 was bound, and for BRCA1 and MGMT the only MBD present was MBD2 ( Figure 1C ). In none of the six selected promoters did we ®nd any association with MBD1 or MBD3. In contrast, these six promoters are unmethylated in lymphocytes and lymphoblastoid cell lines and do not exhibit any binding of MBDs in these normal cells ( Figure 1C) . As a positive control, MBD association to the methylated regions of the IGF2 imprinted gene and the repetitive sequences Sat2 and NBL2 was observed for all the cells analyzed (MDA-MB-231, MCF7, normal lymphocytes and lymphoblastoid cell lines) ( Figure 1C) .
The presence of DNA methylation and MBD association was accompanied by histone deacetylation and lysine 9 histone H3 methylation at these promoters ( Figure 1D and E). The restoration of histone acetylation and demethylation on histone H3 both occurred rapidly with the use of the demethylating agent 5-aza-2-deoxycytidine. Consistent with our results and previous ®ndings (Nguyen et al., 2002) , we also found that the promoters that were unmethylated and devoid of MBDs were enriched in acetylated histones and H3 lysine 9 was demethylated ( Figure 1D and E).
MBDs immunoprecipitate methylated DNA
The candidate gene approach to identify MBD targets, although necessary, is time consuming. Therefore, to overcome this drawback in a global screen for MBD targets, we employed three independent genomic approaches, using as starting material the immunoprecipitated DNA for each MBD.
We ®rst analyzed, by high performance capillary electrophoresis (Fraga and Esteller 2002) , the total mC DNA content of each MBD-immunoprecipitated DNA in MCF7 cells. An average 3-to 5-fold enrichment in mC DNA in this MBD±ChIP DNA versus the input DNA was observed (Figure 2) , strongly supporting the notion that MBD proteins are tightly associated in vivo with methylated DNA sequences. Furthermore, a gradient of mC DNA content versus the overall amount of bound DNA was observed, with MeCP2 being the protein that binds to the highest ratio of methylated cytosines in the human genome, and MBD3 the lowest (Figure 2 ). These results further support the differential distribution of MBD binding within the genome.
MBDs are associated with extensive chromosomal regions We further explored the distribution of each MBD protein throughout particular chromosomal regions by using a modi®cation of the comparative genomic hybridization (CGH) protocol (Cigudosa et al., 1998) . We labelled the DNA from MCF7 and MDA-MB-231 immunoprecipitated with each one of the MBDs antibodies, and then was competitively hybridized against input DNA from these cells ( Figure 3A) . We found that the MBD-immunopre-cipitated sequences, seen as thick green segments in the CGH karyotype, were unevenly distributed along the chromosomes, yielding a characteristic pattern with broad megabase-length bands ( Figure 3B ). It is noteworthy that this pattern of banding differs from the one obtained when MDA-MB-231 or MCF7 DNA is competitively hybridized against DNA extracted from normal cells (see, for example, Xie et al., 2002) , discarding artifacts due to the aneuploidy of these cancer cells. A remarkable ®nding is that many of the resulting bands are shared between both the different MBDs and also the two cell lines studied ( Figure 3B , see inset). For instance, there were common speci®c regions of chromosomes 1 (at band 1q13), 9 (9p13), 11 (11q13), 13 (13q21), 15 (15q13), 16 (16p11.2), 17 (17q11.2), 19p, 21 (21q11.2), and 22q recurrently enriched in ChIP isolated sequences in both cell lines ( Figure 3B , see inset). Quantitative differences in MBD distribution, however, were still very apparent as the number of regions that contained immunoprecipitated sequences was higher for MBD3 and MeCP2 (53 and 48 segments) versus those obtained with MBD1 and MBD2 (34 and 37 segments). Furthermore, a quantitative difference was also observed between both breast cancer cell lines: chromosomes in MDA-MB-231 contained a much higher proportion of MBD±ChIP sequences compared with MCF7, re¯ecting the higher number of hypermethyl- Novel methyl-CpG binding targets in cancer ated CpG islands present in MDA-MB-231 versus MCF7 (Paz et al., 2003a) . Our CGH data suggest that MBDs tend to be clustered at certain chromosomal loci, an observation that is consistent with the appearance of nuclear domains obtained with MBD antisera in immunolocalization experiments (Hendrich and Bird, 1998) . We have observed that immunostaining with anti-MBD antisera produces a combined pattern of discrete foci in a context of diffuse nuclear staining (data not shown). The diffuse MBD pattern colocalizes with mC staining (especially in the case of MBD1) and some of the MBD foci are also coincident with mC spots (data not shown). This observation may re¯ect that some of the observed MBD nuclear distribution is due more to architectural features of the nucleus than to genome sequence patterns.
MBDs identify novel hypermethylated genes in cancer
The resolution of CGH and immunolocalization does not allow the identi®cation of speci®c sequences associated with MBD proteins. To obtain an accurate and comprehensive pro®le of the genes targeted by MBDs in human breast cancer, we have combined chromatin immunoprecipitation and array technology (ChIP on chip). We have probed the MCF7 and MDA-MB-231 DNA from ChIP assays using the four different MBD antisera described above with a DNA microarray that contains a library of 7777 CpG islands. This CpG island microarray provides a high throughput method for the identi®cation of in vivo nuclear factor targets, as has been demonstrated for E2F (Weinmann et al., 2002) . Three independent hybridizations of the CpG island microarray with three independent chromatin-immunoprecipitated samples were performed for each MBD protein in each of the cell lines. From a purely quantitative standpoint, MBD2 produced the highest number of positive clones, supporting the in vitro data that showed that MBD2 has the highest af®nity for methylated DNA 8 (Fraga et al., 2003) , followed by MBD1, MBD3 and MeCP2 ( Figure 4B ). The array hybridization results across all spotted CpG islands show that 7.1% of the clones were positive for all four MBDs, while 24.2, 10.3, 9 and 5.8%, were positive singly for MBD2, MBD3, MeCP2 and MBD1, respectively ( Figure 4C ). Therefore, the data indicate that MBD target sequences tend to be occupied by either a single MBD (preferentially MBD2) or all of them, rather than double or triple occupancy.
In order to identify the genes immunoprecipitated by the MBDs, we sequenced 60 CpG island-positive clones that were common to three independent experiments: 10 from the subgroup immunoprecipitated by all MBDs, 10 from each of the four subgroups immunoprecipitated by a unique MBD, and 10 from a subgroup immunoprecipitated by both MBD2 and MBD3. This last subset was chosen upon the basis of reports regarding MBD2 and MBD3 links within the MeCP1 complex (Feng et al., 2001; Hendrich et al., 2001) . Table I summarizes the sequencing data and blast search results. The list of novel MBD target genes in MCF7 and MDA-MB-231 breast cancer cells includes excellent candidate genes for the malignant phenotype. Some of these genes have already been associated with cancer, such as the prolactin hormone receptor (PRLR) (Jonathan et al., 2002) , the proteintyrosine phosphatase non-receptor type (PTPN4) (Ogata et al., 1999) , the dipeptidyl peptidase IV (DPPIV) (Pethiyagoda et al., 2000) and PIP5K (Chatah and Abrams, 2001). It was essential to con®rm that the identi®ed clones were bound by MBDs in vivo and the results from individual ChIPs with MCF7 and MDA-MB-231 cells with the four MBD antibodies con®rmed the results from the CpG island microarray ( Figure 4D ). For sequences immunoprecipitated with MeCP2 antiserum, results were con®rmed using the corresponding commercial antibody (data not shown). As a negative control, we performed individual ChIP analysis with isolated lymphocytes and lymphoblastoid cell lines and we found that MBDs were absent in the promoters of these genes.
Once their association to MBD proteins was con®rmed, this subset of genes was subjected to further characterization for DNA methylation and expression. Bisul®te genomic sequencing spanning their corresponding CpG islands was used to demonstrate hypermethylation in the corresponding breast cancer cell lines where MBD binding had been con®rmed by ChIP analysis (MCF7, MDA-MB-231 or both) ( Figure 5A and C) . Furthermore, these results were con®rmed by methylation-speci®c PCR analysis ( Figure 5C ). DNA extracted from isolated lymphocytes and lymphoblastoid cell lines was also analyzed for the methylation status of all the above genes by both bisul®te genomic sequencing and methylation-speci®c PCR. In both cases, all these genes were unmethylated in these normal cells in agreement with the absence of MBD binding previously demonstrated.
To address the functional consequences of the CpG island promoter hypermethylation in association with the binding of MBDs, we performed expression analysis of the described genes. In all analyzed cases, we found that genes with unmethylated sequences and no MBD binding were expressed, while hypermethylated MBD-associated genes were transcriptionally silenced. In these latter cases, the use of 5-aza-2¢-deoxycytidine was able to restore gene expression ( Figure 5D ). Furthermore, we demonstrated that this CpG island hypermethylation was not merely a feature of these particular breast cancer cell lines, but was present in a signi®cant proportion of human primary breast carcinomas ( Figure 5B and C).
Two MBD-associated genes, PAX6 and PRLR, inhibit growth in MDA-MB-231 cells To gain further insight into the potential role of some hypermethylated genes identi®ed by our ChIP on chip strategy of genomic screening, we decided to reintroduce some of these genes into the MDA-MB-231 cell line, as carried out for other hypermethylated tumour suppressor genes (Tomizawa et al., 2001; Yoshikawa et al., 2001) . Expression vectors containing PAX6 and PRLR were independently used to transfect MDA-MB-231 cells, in which both genes were silenced in association with methylation. As positive control for growth inhibition, we used wild-type p53. A mutant form of p53 (N175H) was used as an additional negative control, besides empty vector. Forty-eight hours after transfection, cells were selected with neomycin, and resistant colonies developing after 16 days were stained. As expected, the wild-type p53 control dramatically suppressed colony formation while mutant p53 produced a similar number of colonies to that of the empty vector ( Figure 6C ). Interestingly, we found that the number of neomycin-resistant colonies transfected with PAX6 and PRLR was reduced by 84 and 70% when compared with the control vector in three independent experiments ( Figure 6A and B). Thus, these data support the hypothesis that the loss of the expression of these genes in breast cancer cells is related to cell growth.
Discussion
It has been estimated that 70% of all CpG dinucleotides in the mammalian genome are methylated. The majority of the remaining unmethylated CpG sites are located within the CpG islands found frequently near the promoter and ®rst exons regions of protein-coding genes. In cancer, inhibition of transcription by hypermethylation of the CpG islands contributes to the inactivation of regulatory or DNA repair genes (Jones and Baylin, 2002) . It has been proposed that MBD proteins serve as the bridge between histone modi®cation enzymes and hypermethylated DNA associated with gene inactivation (Bird and Wolffe, 1999) . Our results support the notion that the presence of MBD proteins is an essential and general feature in the methylation-mediated silencing of tumour suppressor and DNA repair genes. First, we have identi®ed MBD proteins in all selected promoters previously characterized for their hypermethylated status. Secondly, in a general screening of MBD targets by using chromatin immunoprecipitated as a probe in a CpG island microarray we have found that all the positive clones studied were methylated. (400 bp) is GAPDH and the bottom band (of~200 bp) is each of the speci®c genes.
Novel methyl-CpG binding targets in cancer
Interestingly, our candidate gene and genome-wide analyzes of the distribution of MBDs throughout the genome reveal a complex picture. For instance, the MBD pattern of association appears to be gene speci®c. Whilst some sequences associate with only one speci®c MBD, others associate several or all of them (see Figure 1C ; Table I ). For example, MeCP2 is the only MBD that we have identi®ed in association with the RASSF1A, RARB2, ENPP4 and PIP5K promoters, among others. For other sequences, such as that for the ApoE promoter or the NBL2 non-satellite repeat, all MBDs were found to be associated ( Figures 1C and 4D) . The data from the CpG microarray hybridization suggest that there is a slight tendency for single association or association of all MBDs rather than intermediate states of double or triple occupancy.
Comparison of the association of MBD2 and MBD3 with DNA constitutes a particularly interesting case. Although mammalian MBD3 does not directly bind methylated DNA (Fraga et al., 2003) , it has been proposed that the MBD3-containing Mi-2/NuRD complex is recruited to methylated sequences through the recruitment of MBD2 (Feng and Zhang, 2001) . For this reason, we investigated whether the pattern of distribution in chromosomes and throughout the CpG microarrays clones was similar. However, the antisera to MBD2 only recognizes the MBD2a subfraction, as the antibody is developed the N-terminus of MBD2a, which is absent in the MBD2b form. Therefore, the partial coincidence in the distribution of MBD2 and MBD3 could be due to the fact that our antibodies do not immunoprecipitate MBD2b-interacting sequences.
Our global methylcytosine quantitation of chromatin immunoprecipitated with MBD antibodies and immunolocalization studies strongly support the notion that these proteins are truly associated in vivo with methylated sequences. As mentioned above, even MBD3 pulls down methylated DNA, probably due to the interaction of MBD2 (which possesses high speci®city for methylated DNA) with the MBD3-containing complex. The ability of these proteins to associate with methylated DNA is corroborated by the methylation analysis of MBD targets identi®ed by ChIP on chip. Interestingly, the ®nding that MBD proteins only partially colocalize with methylcytosine in vivo suggests that other factors may also participate in the nuclear localization of MBD proteins. This is also supported by the distribution of MBDs over metaphasic chromosomes. When combining the banded pattern obtained by CGH with the sequences obtained by ChIP on chip (see Table I ) or known methylated genes, for which MBD association has been demonstrated, several MBD-targeted loci are con®rmed. However the degree of overlapping is not complete. For instance, genes like RARB2 or BRCA1 do not coincide with any of the MBDassociated bands identi®ed by CGH. On the other hand some of the conserved chromosomal bands, like 15q11 in which all MBD proteins appear to be associated, coincide with the Prader±Willi imprinting centre, which has a wellknown methylation pattern (Perk et al., 2002) . Thus, the banded pattern on chromosomes obtained by CGH may re¯ect that this distribution is in part due to architectural features of nuclear organization. We have also shown that chromatin immunoprecipitated with antibodies to different MBDs and used as a hybridization probe for a CpG island microarrays is an ideal material to identify novel genes that become methylated in cancer. The ChIP on chip approach provides a high-throughput method of identifying MBD-associated CpG islands. It is also worth noting that all the genes we have selected for further characterization of their methylation and expression status were actually epigenetically silenced. The success of the CpG island microarray leads us to believe that this approach can be utilized to systematically identify targets of hypermethylation in cancer (see also Paz et al., 2003b) . The discovery of novel hypermethylated genes can be used to identify potential genes involved in cancer. For instance, HIC1, the ®rst hypermethylated gene de®ned as a candidate tumour suppressor in the absence of mutations, has been shown recently to possess such function through a mouse knockout model (Chen et al., 2003) .
In a cancer cell system, such as the one we utilized here, a high number of sequences become methylated. Not every gene is methylated in every tumour type . Instead, a clear speci®city in the pattern of methylated genes is observed depending on the tumour type. It has been hypothesized, as with genetic mutations, that preferential methylation of certain genes confers a Darwinian evolutionary advantage to different cancer cells (Esteller, 2002) . Supporting this idea, we have shown that the reintroduction of some of these identi®ed genes inhibited colony formation. It is, therefore, plausible that many of the novel methylated genes that can be identi®ed by our approaches are good candidates to provide an advantage to the cancer cells when expression is lost. This is the case for some of the genes we have been able to identify by our approach. For instance, the prolactin receptor, identi®ed here for its association to MBD2 in MDA-MB-231 cells, has been previously reported to be associated to mammary gland differentiation (Kelly et al., 2002) .
In summary, our integrated approach reveals the existence of a speci®c pro®le of MBD differential occupancy for hypermethylated CpG islandsÐpromoters of tumour suppressor genes in transformed cells. This singular pattern of MBD binding, determined ®rst at single loci and later through whole genomic approaches, provides the ®rst evidence of the ubiquitous presence of MBDs in the methylated CpG island promoters and demonstrates their usefulness in identifying newly epigenetically inactivated genes in cancer cells.
Materials and methods
Antibodies and cell lines
Polyclonal rabbit antisera were made against linear peptides corresponding to amino acids 6±25 of human MeCP2 (antiserum aMeCP2 N-t), 2± 20 of human MBD2 (aMBD2 N-t), 254±270 of human MBD3 (aMBD3 C-t) and the KQEPPDPEEDKEENKDDSAS peptide common to all the MBD1 isoforms (aMBD1 C-t). These antibodies were tested for their speci®c immunoprecipitating ability (Lefkovits and Kohler, 1997) . A comparison of targets immunoprecipitated with these antibodies and commercial aMeCP2 and aMBD2 was also performed (Fournier et al., 2002) . Commercial antibodies against MeCP2 (Upstate Biotechnologies) were also used for ChIP assays.
MCF7 and MDA-MB-231 cells were cultured in Dulbecco's modi®ed Eagle's medium with 4.5 g/l glucose and L-glutamine supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. B-lymphoblastoid cell lines were established by isolating lymphocytes from whole blood by gradient centrifugation with Ficoll/Hypaque (Amershan). Two million cells were resuspended in 2 ml of the supernatant of B95.8 cell line (that produces Epstein±Barr virus), 1 ml of RPMI medium containing 20% fetal bovine serum and phytohemagglutinin PHA.P. After 7 days of primary culture, the medium was changed every 3 days.
Chromatin immunoprecipitation analysis
The ChIP assay was performed as previously described (Fournier et al., 2002) . Preliminary time-course experiments between 5 min and 1 h of formaldehyde ®xation were performed to yield the best combination of in vivo ®xed chromatin, high DNA recovery and small average size of chromatin fragments. In our analyses, chromatin was sheared to an average length of 0.25±1 kb. PCR ampli®cation was performed in 25 ml with speci®c primers for each of the analysed promoters. For each promoter, the sensitivity of PCR ampli®cation was evaluated on serial dilutions of total DNA collected after sonication (input fraction). Three independent ChIP experiments were performed for each cell line. In PCR ampli®cations, the input DNA,`unbound' (wash) fraction of the no antibody control and, ®nally,`unbound' and`bound' fractions for each antibody were run in 2% agarose gels. Primers and conditions for each promoter are available upon request.
Global 5-methylcytosine quanti®cation Quanti®cation of the mC content was carried out by high performance capillary electrophoresis as previously described (Fraga and Esteller, 2002) . In brief, immunoprecipitated DNA samples were speed-back preconcentrated to 0.1 mg/ml and enzymatically hydrolyzed in a ®nal volume of 5 ml. Samples were then directly injected in a Beckman MDQ high performance capillary electrophoresis apparatus and mC content was determined as the percentage of mC of total cytosines: mC peak area Q 100/(C peak area + mC peak area).
Competitive hybridization of ChIP products to metaphase chromosomes To study the distribution along the chromosomes of the immunoprecipitated DNA for each one of the proteins, we designed a modi®ed version of the CGH strategy (Cigudosa et al., 1998) . Four hybridizations were performed with each MCF7 and MDA-MB-231 cell line. In each hybridization, we compared the input DNA fraction from each ChIP experiment versus the immunoprecipitated DNA with the speci®c protein (MBD1, MBD2, MBD3 and MeCP2). Input DNA was labelled with Spectrum Red dUTP by CGH nick-translation kit (Vysis, Inc., IL, USA) and the immunoprecipitated fractions were labelled with Spectrum Green. Control experiments (conventional CGH assays) were carried out with input DNAs from the cell lines. The metaphases were captured through a¯uorescent microscope (Olympus BX60) and a CCD camera (Photometrics Sensys camera), then analysed using the chromo¯uor image analysis system (Cytovision; Applied Imaging Ltd, Newcastle, UK). For each hybridization a high number of chromosomes (13±25) were analysed.
Immunostaining and confocal¯uorescence microscopy Isolated nuclei of MCF7 were resuspended in 3 volumes of methanol and ®xed for 5 min at room temperature. Drops of ®xed nuclei were spotted on glass coverslips and air dried for 10 min at 37°C. For chromatin decondensation, coverslips were incubated in 1 N HCl for 30 min at 37°C, brie¯y washed in water and incubated for 5 min in standard Tris±borate buffer. Nuclei were rinsed in PBS, blocked with 2% BSA in PBS, and double-stained with mouse monoclonal antibodies against mC in conjunction with rabbit polyclonal antibodies against the indicated MBDs (see above). Confocal optical sections were obtained using a Leica TCS SP confocal microscope (Leica Microsystems, Heidelberg GMbH, Germany) equipped with krypton and argon lasers, and images were processed using Adobe Photoshop 5.0 (Adobe Systems Inc., Mountain View, CA).
CpG island microarray analysis
The immunoprecipitated fractions from ChIP experiments were labelled and used to probe a CpG microarray as previously described (Jonathan et al., 2002) . Microarray slides containing the 7776 CpG island loci and the DNA samples were processed essentially as described previously . Each test sample, including the no antibody controls, was labelled with Cy5 (red) and was hybridized onto the slides, which were processed according to the method of De Risi et al. (http://www. microarrays.org). We then scanned the slides using GenePix 4000A Novel methyl-CpG binding targets in cancer (Axon) and analysed the images with the GenePix Pro4.0 program. Three hybridizations from independent ChIP experiments were performed for each MBD protein and cell line. Normalization was applied using the global average intensity of hybridized loci for each slide. Selection of positive clones was done from the common positive clones among the three independent hybridization experiments.
DNA methylation analysis of particular genes
We carried out bisul®te modi®cation of genomic DNA as described previously (Herman et al., 1996) . We established methylation status by PCR analysis of bisul®te-modi®ed genomic DNA using two procedures. First, all genes studied were analysed by bisul®te genomic sequencing of their corresponding CpG islands, as described elsewhere (Clark and Warnecke, 2002) . Both strands were sequenced. The second analysis used methylation-speci®c PCR for all genes analysed in MCF7, MDA-MB-231 and tissue samples, as previously described (Herman et al., 1996) . Placental DNA treated in vitro with SssI methyltransferase was used as positive control for all methylated genes. We designed all of the bisul®te genomic sequencing and methylation-speci®c PCR primers according to genomic sequences around presumed transcription start sites of investigated genes. Primer sequences and PCR conditions for methylation analysis are available upon request.
Semiquantitative RT±PCR expression analysis
We reverse-transcribed total RNA (2 mg) treated with DNase I (Ambion) using oligo-dT primer with Superscript II reverse transcriptase (Gibco BRL). We carried out PCRs in a 25-ml volume containing 1Q PCR buffer (Gibco BRL), 1.5 mM of MgCl 2 , 0.3 mM of dNTP, 0.25 mM of each primer and 2 U of Taq polymerase (Gibco BRL). We used 100 ng of cDNA for PCR ampli®cation, and we ampli®ed all of the genes with multiple cycle numbers (20±35 cycles) to determine the appropriate conditions for obtaining semi-quantitative differences in their expression levels. RT±PCR primers were designed between different exons to avoid any ampli®cation of DNA. PCRs were performed simultaneously with two sets of primers, with GAPDH as internal control to ensure cDNA quality and loading accuracy. Primer sequences are available upon request.
Cell culture and transfection MDA-MB-231 was grown in DMEM (4.5 g/l glucose) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin and 2.5 mg/ml amphotericin in a humidi®ed 37°C, 5% CO2 incubator, and maintained in log phase growth.
The transfection of the pSV-b-galactosidase control vector, pcDNA-3-PRLR and pcDNA-PAX6, also containing neomycin resistance gene into the MDA-MB-231 cells was performed by the lipofection method. Brie¯y, cells were seeded in a six-well plate a day before transfection at a density of 2 Q 10 5 cells/well. Puri®ed plasmid DNA (2 mg) was transfected with LipofectAmine Plus reagent, according to the manufacturer's recommendations. The experiment was repeated three times. Twenty-four hours after transfection, bgal activity was measured using a bgal activity kit, in the cells carrying the control vector. Clones expressing the proteins transfected were selected in complete medium supplemented with 1 mg/ml geneticin (G418) 48 h post-transfection. Stable clones were maintained in complete medium with G418 (800 mg/ml). Total RNA from individual clones was extracted and RT± PCR was performed to con®rm that the clones were expressing the transfected genes. MDA-MB-231 cells were also transfected with the vector containing no inserts and stable clones isolated. After~16 days of selection, stable G418-resistant colonies were ®xed and stained with 2% methylene blue in 60% methanol. Wild-type p53 (pWZL-hp53 wt; Hygro) and mutant p53 (pWZL-hp53-N175H; Hygro) were used as additional positive and negative controls.
